Abstract: Ar-Ar and fission-track dating from four low-grade sections in the Alpujárride Complex sheds light on the timing of the early contractional history of these high-pressure metamorphic units, and their subsequent exhumation during the early Miocene extensional collapse of the Betic orogen. White mica grains from the lowest-grade rocks yield partly reset detrital Ar-Ar ages; where deformation and recrystallization are more intense, however, they yield reproducible ages as old as c. 48 Ma, which we interpret as the approximate timing of the main contractional event and associated high-pressure metamorphism in these units. Rocks from slightly higher-grade sections give reproducible Ar-Ar ages between 30 and 40 Ma, but these younger ages probably reflect the interplay of growth and cooling in fine-grained micas heated to between 300 8C and 400 8C during prograde metamorphism. In each of the four areas studied the low-grade rocks are separated by an extensional detachment or shear zone from medium-grade rocks below. In two areas these detachments have been folded around major overturned north-vergent folds. Ar-Ar data from structurally below the detachments, and fission-track ages from all structural levels, indicate the onset of significant cooling in the early Miocene, which corresponds to the age of the extensional event. The folds must therefore be early Miocene or younger.
The timing of onset of convergence in collisional and accretionary orogens is essential information for determining the rates of tectonic processes, for thermal and mechanical modelling, and for understanding the tectonic evolution of these systems. Yet it is commonly very poorly constrained, in part because of the difficulty in unequivocally dating deformational, metamorphic, and stratigraphic signatures that have been heavily overprinted by later events. Isotopic dating of contractional tectonic events presents particular difficulties because they are typically associated with low thermal gradients, and isotopic systems are therefore liable to be reset during later thermal relaxation. In rocks that have not exceeded the closure temperature of a given isotopic system, there is the additional problem of separating growth ages from inherited mineral ages (Cosca et al. 1992) .
The Betic-Rif orogen of southern Spain and northern Morocco has attracted much attention because of its strikingly arcuate geometry and the close association between extensional tectonics in the metamorphic hinterland (the Alborán Domain) and the peripheral thrust belt (Platt et al. 2003a ), yet estimates for the onset of contractional deformation range from early Cretaceous to early Miocene. The Alpujárride Complex of the Betic Cordillera and its analogue in the Rif (the Sebtides) constitute the main bulk of the Internal Zones of the Betic-Rif Arc, otherwise known as the Alborán Domain (Fig. 1a) . It is structurally overlain by the Maláguide Complex, which is mainly distinguished by its lack of metamorphism, and underlain by the Nevado-Filábride Complex, parts of which at least show an evolution from eclogite to albite-epidote amphibolite-facies metamorphism (Vissers et al. 1995) . The Alpujárride Complex was derived from a microcontinental block carrying a Tethyan (Alpine) Triassic sequence, which was isolated during the Jurassic within the opening Neotethys basin (Delgado et al. 1981) . During Alpine subduction and collision it underwent high-pressure (P) low-temperature (T ) metamorphism, evolving to medium and locally low P/T metamorphism (Azañón & Crespo-Blanc 2000 ) . An important phase of exhumation took place in earliest Miocene time, during a late-orogenic extensional event that led to the formation of the present Alboran Sea and Miocene onshore sedimentary basins (Platt & Vissers 1989; Watts et al. 1993; Vissers et al. 1995; Comas et al. 1999) , and created strongly condensed metamorphic sequences associated with intense vertical thinning and decompression (Torres-Roldán 1981; Balanyá et al. 1997; Argles et al. 1999; .
Isotopic dates on most Alpujárride rocks are dominated by the effects of rapid cooling in the early Miocene, which largely obscures the earlier history (Monié et al. 1991; Zeck et al. 1992; Monié et al. 1994; Platt et al. 1998 Platt et al. , 2003b . Little geochronological work has been published on the lowest-grade rocks of the Alpujárride Complex, yet these are the ones most likely to retain evidence for the early compressional events. Monié et al. (1991) published an age of 25 Ma from Alpujárride phyllites, and suggested that this was the time of the high-P metamorphism. The presence of kyanite in these rocks (Monié et al. 1991) suggests that they may have experienced temperatures higher than the closure temperature of the mica, however. Here we present Ar-Ar dates from the lowest-grade Alpujárride units and relate them to their structural history, to disentangle early and late structural events.
Sampling strategy
We present data from four areas in the Internal Betics that bear on the timing of motion on the tectonic contacts of the Alpujárride Complex. In each of these four areas low-grade Alpujárride phyllites structurally overlie higher-grade rocks along a tectonic boundary interpreted as a low-angle extensional shear zone or fault. We sampled three categories of rocks across these contacts: (1) low-grade psammitic rocks, which we sampled for fission-track analysis to help determine the extent to which the argon system in detrital micas had been reset; (2) well-recrystallized low-grade phyllites with identifiable early fabrics, to determine the timing of metamorphic crystallization; (3) higher-grade schists below the extensional faults for both Ar-Ar dating and fission-track analysis, to determine the timing of the main extensional exhumation event and associated cooling. The data (summarized in Table 1 ) are presented in the context of previously published structural and petrological data from these areas.
Geochronological techniques

Ar-Ar dating
The lowest-grade rocks of the Alpujárride Complex have mainly experienced metamorphic temperatures in the range 300-400 8C, so the fine-grained white micas in metasedimentary rocks have the potential to yield either cooling ages or neoblastic growth ages. The main challenge in dating these low-grade rocks is discriminating between ages reflecting cooling through the closure temperature (Dodson 1973) , ages that reflect neoblastic mineral growth below temperatures sufficient to cause argon loss, and ages that reflect a component of relict detrital grains. The temperature and intensity of deformation are the main controlling factors on the retention of argon, and their effects are particularly important in samples deformed under epizonal conditions, below 300 8C, where even the smallest micas can retain old Ar-Ar ages unless recrystallized (Cosca et al. 1992; Jaboyedoff & Cosca 1999) . In this study we have used an IR laser to analyse white mica in situ, and petrographic observations of textures and grain sizes to constrain the measured ages. The combination of spot dates and petrographic observations allows us to discriminate between detrital ages, growth ages and cooling ages.
Samples were prepared for Ar-Ar dating as 100-300 ìm thick sections. Unaltered areas were selected for irradiation, polished and later released from the glass slide and ultrasonically cleaned using methanol and deionized water. Samples were wrapped in aluminium foils, irradiated using a fast thermal neutron flux at the McMaster Nuclear Reactor in Canada, and J values were calculated using the biotite standard GA 1550 (98.79 AE 0.96 Ma, Renne et al. 1998) . White micas were analysed for argon isotopic composition using a focused CW Nd-YAG 1064 nm laser. Pulse lengths between 10 and 100 ms were controlled using an external shutter to produce several spots (c. 50 ìm) in micas. Argon extracted by this process was analysed using a MAP 215-50 noble-gas mass spectrometer. The data were corrected for blanks, 37 Ar decay, reactor-induced interferences, and mass spectrometric discrimination as detailed elsewhere (Kelley 1995 (Kelley , 2002 . Analytical uncertainties on the individual laser spot ages can be obtained from the Society Library or the British Library Document Supply Centre, Boston Spa, Wetherby, West Yorkshire LS23 7BQ, UK as Supplementary Publication No. SUP 18215 (7 pages). It is also available online at http://www.geolsoc.org.uk/SUP18215. Weighted mean ages, isochron ages and cumulative probability diagrams were calculated using ISO-PLOT/Ex after Ludwig (1999) using the decay constants of Steiger & Jäger (1977) .
Fission-track analysis
Zircon fission-track (FT) ages typically relate to cooling at marginally lower temperatures (by c. 100 8C) than recorded by argon white mica data. Differences between white mica Ar-Ar and zircon FT ages and their estimated closure temperatures can be used to determine whether argon ages reflect rapid or slow cooling and help resolve the significance of mixed age distributions in terms of mineral growth and/or cooling. Apatite FT data relate to cooling through c. 120-60 8C, a range equivalent to the uppermost few kilometres of the Earth's crust. In the context of this study apatite FT data are used to provide constraints on the levels of cooling during post-tectonic exhumation.
Fission-track analyses of apatite and zircon were made at the Fission Track Laboratories at University College London. Efforts were made to analyse both apatite and zircon for each sample, but in many cases the low uranium contents of apatite prevented analysis and affected the ability to collect track length data. Samples were polished and etched using KOH-NaOH eutectic at 225 8C between 24 and 48 h (zircon), and 5M HNO 3 at 20 AE 1 8C for 20 AE 1 s (apatite). Samples were irradiated with muscovite external detectors and Corning dosimeter glasses CN-2 (zircon) and at the DR3 thermal neutron facility of the Risø reactor, Denmark (Cd/Au ratio .400). Fission-track densities and track length measurements were made using an optical microscope at 12503 magnification (an oil objective was used for zircon analyses). Ages (AE1ó) were calibrated using the zeta method (Hurford & Green 1983) determined by multiple analyses of age standards following the recommendations of Hurford (1990) ; analyst A. Carter ae cn2 127 AE 5 (zircon) and ae cn5 339 AE 5 (apatite). Data are reported in Table 2 as central ages, which weights modal ages for different precisions of (Galbraith & Laslett 1993) . Temperatures quoted for the zircon fission-track partial annealing zone (200-310 8C for heating durations lasting between 10 7 and 10 8 a) are based on the model of Tagami et al. (1998) , which incorporates both laboratory annealing data and geological observation (e.g. Tagami et al. 1996) .
The Aguilón nappe, Sierra Alhamilla
Structure
The Sierra Alhamilla is a microcosm of Betic structure: a late Miocene antiform exposes Nevado-Filábride rocks in its core, overlain by Alpujárride rocks showing a strongly condensed metamorphic sequence (Fig. 1b) , and then by disrupted fragments of the Maláguide Complex. The Alpujárride Complex on the south side shows a distinctive structural sequence (Figs 2 and 3), with (from top to bottom) late Triassic carbonates, low-grade phyllites and quartzites of supposed Permo-Triassic age, medium-grade graphitic mica schist of supposed Palaeozoic protolith age, and a thin layer of strongly deformed phyllite and quartzite. This lies directly on the major tectonic boundary that separates the Alpujárride Complex from the underlying Nevado-Filábride Complex, which is currently interpreted as a major late-to post- . Analyses were carried out by external detector method using 0.5 for the 4ð/2ð geometry correction factor. Ages were calculated using dosimeter glass CN-5; analyst A. Carter metamorphic extensional fault (Platt 1986; Jabaloy et al. 1993 ). The fault is marked by gouge derived from Alpujárride rocks, carbonate breccia and mylonite derived from both footwall and hanging-wall carbonate rocks, and ultramylonite, which is derived from and grades down into mylonitic Nevado-Filábride schist in the footwall. This zonation reflects progressive unroofing and cooling of the detachment, and a transition from distributed ductile deformation to more localized brittle slip during its evolution (Platt & Behrmann 1986) . The repetition of the phyllite-quartzite sequence was interpreted by Platt et al. (1983) as a major recumbent fold, based on change in vergence of minor folds near the base of the graphitic mica schist unit in the core of the structure. The inverted limb of this fold lies directly on the detachment fault below it. The contacts between the medium-grade graphitic mica schist and the low-grade phyllite-quartzite sequence above and below represent an extensional fault, repeated around the recumbent fold. The structure therefore appears to be an example of the refolding of early extensional structures (e.g. Simancas & Campos 1993) . Vissers et al. (1995) , however, proposed that the entire structure (extensional fault and recumbent fold) formed in a single tectonic event related to motion on the underlying detachment. In this interpretation an extensional fault within the Alpujárride Complex, soling down onto the detachment, was inverted in a zone of ductile shear zone along the detachment. No isotopic dating was available to test any of these ideas, however.
Geochronological results from the Sierra Alhamilla
We have sampled across the Aguilón nappe for Ar-Ar and FT dating to help determine the timing of tectonic events. The results are shown in Tables 1 and 2 , and are placed in their structural context on the map and cross-section (Figs 2 and 3) .
The structurally highest sample is a very low-grade quartz phyllite from 150 m below the carbonate sequence (PB348). The phyllites and quartzites in this area have well-preserved detrital textures, with detrital quartz and partly recrystallized detrital muscovite up to 500 ìm in diameter (Fig. 4a ) in a metamorphic Fig. 2 . Structural map of the Rambla del Agua in the Sierra Alhamilla (after Platt et al. 1983) , showing the locations of dated samples. The cross-section in Figure 3 is drawn along the river (Rambla del Agua). Fig. 3 . Section along the Rambla del Agua in the Sierra Alhamilla (after Platt et al. 1983) , showing sample locations and ages. matrix composed of fine-grained quartz þ white mica þ chlorite. The low-grade metamorphic assemblage, which locally includes carpholite pseudomorphs, suggests PT conditions around 300 8C and 700 MPa (Martínez-Martínez & Azañón 1997). There is a well-developed cleavage, related to east-west-trending northvergent folds that dominate the structure, defined by fine-grained (20-30 ìm maximum grain size) white mica produced by dynamic recrystallization of detrital grains and growth of new grains during deformation. The cleavage and related folds overprint an earlier spaced cleavage and south-vergent folds visible in quartzite layers (Platt et al. 1983) , but the earlier fabrics have been completely overprinted in pelitic rocks.
PB348 yields a zircon FT age of 19 AE 3 Ma (1ó uncertainty). The high error was the result of a paucity of grains suitable for analysis (four grains). Johnson (1995) reported very poorly defined zircon FT ages between 78 AE 10 Ma (SP23) and 91 AE 10 Ma (SP25) from a little further west in the same area. Both samples contain a mixed population of single grain ages that range from c. 130 Ma to 40 Ma. This spread is consistent with partial resetting of the original detrital ages where the youngest single grain ages, around 40 Ma, lie close to the time of resetting. These partly to totally reset FT ages suggest that maximum temperatures may have been close to the top of the annealing window for zircon (288-310 8C, Tagami et al. 1998 ). Ar-Ar laserprobe spot dates from PB348 range from 59 Ma to 203 Ma, suggestive of partial resetting of detrital micas by a combination of thermally driven argon loss, deformation and recrystallization. Individual detrital grains were analysed using the focused laser, as well as groups of finer-grained fabric micas. The two grain types were discriminated on the basis of microscope observations, and we detected the older ages when targeting detrital grains. As the original sediments are probably Permo-Triassic in age (c. 250 Ma), even the oldest detrital age must reflect some argon loss. Resetting of the detrital micas must have occurred later than 59 Ma. The zircon FT age indicates that the rocks cooled below the FT annealing window for zircon at c. 19 Ma, but yields no clear information on the intervening period.
PB331 lies in the overturned limb of a 300 m scale fold (Fig.  3) at a slightly lower structural position within the phyllitequartzite sequence than PB348, and both the main fabric related to the fold and the earlier fabric are better defined, suggesting higher strain. The sample also shows a greater degree of recrystallization than PB348; partly recrystallized detrital micas are still identifiable but are generally less than 100 ìm in diameter (Fig. 4b) , and there is a pervasive matrix of fine-grained (10-20 ìm maximum grain size) newly grown micas. Most detrital mica in this sample is close to pure paragonite (Table 3) , unlike PB348, in which they are high-K muscovites. The newly grown mica in PB331, on the other hand, shows widely varying compositions from nearly pure paragonite to high-K muscovite (Table 3 and Fig. 4b) , which is probably due to submicroscopic interlayering of paragonite and muscovite (e.g. Giorgetti et al. 2000) . The more potassic micas show higher celadonite contents than the detrital micas, reflecting their crystallization under high-P/low-T conditions (Table 3) . Most of the individual Ar-Ar analyses of the new-formed micas cluster tightly about the welldefined mean age of 47.8 AE 0.7 Ma. Analyses are highly radiogenic with little scatter and do not allow construction of an isochron. Given that the bulk of the detrital mica in this sample is paragonite, it is likely that the age is largely controlled by the neoblastic mica, but we cannot discriminate against small amounts of detrital contamination or argon loss. We suggest an age of c. 48 Ma for recrystallization of mica in PB331.
Taken together, the results from PB348 and PB331 suggest dynamic recrystallization of detrital micas and neoblastic mineral growth around 48 Ma. This event may have been slightly earlier, as the Ar-Ar age of the micas could reflect cooling, but the likely closure temperature for the fine-grained neoblastic white mica is so close to the peak metamorphic temperature that the growth and closure may be effectively coincident. The age can therefore reasonably be related to the formation of the dominant fabric in the samples, which is the axial-plane cleavage to the main north-vergent folds.
All the samples from lower structural levels in the Aguilón nappe yield reproducible Ar-Ar ages in the range 21.0-22.6 Ma. The ages are almost within error of each other, giving a mean value of 21.8 AE 1.5 Ma at a 95% confidence level (calculated using ISOPLOT/Ex (Ludwig 1999) , which uses the product of Student's t number and square root of MSWD to enhance errors on the mean). Given the variation, we suggest an age of c. 22 Ma for the cooling. The samples come from the graphitic mica schist unit (PB219 and PB220), and from the phyllite-quartzite sequence both immediately above (PB360) and below (PB364) it. The two phyllite samples are both well recrystallized, with 30-50 ìm white mica; the metamorphic assemblage (chlorite þ muscovite þ albite) does not constrain the temperature very Back-scattered electron image of detrital paragonite (par, dark grey) surrounded by newly formed K-rich mica (light grey) in pressure shadows and cleavage zones, PB331 phyllite (Sierra Alhamilla). qtz, quartz; hem, hematite. Spots show locations of probe analyses; with K as percentage of total alkalis (Table 3 ). Ar-Ar age spectrum (below) is dominated by the newly formed K-rich mica.
precisely, but the lack of chloritoid, biotite, or aluminosilicates in these aluminous rocks suggests that it is unlikely to have been much above 400 8C. The graphitic mica schist samples carry a peak metamorphic equilibrium assemblage of almandine-rich garnet, staurolite, kyanite, muscovite, biotite, and rutile, which requires a minimum temperature of about 600 8C at a pressure of around 1000 MPa (Spear & Cheney 1989) . These phases predate the main foliation, a well-differentiated crenulation cleavage that wraps around the porphyroblasts of garnet and staurolite (Platt et al. 1983) . Chlorite and chloritoid crystallized during and after the formation of this foliation, which therefore formed under upper greenschist-facies conditions during cooling from peak temperature. The Ar-Ar closure temperature for the 0.5-1 mm size white micas in these higher-grade schists is estimated to be in the range 400-425 8C, so although the Ar-Ar ages are cooling ages, they are close to the time of formation of the foliation in these rocks.
The contrast between the cooling ages in the deeper levels of the Aguilón nappe and the significantly older recrystallization or cooling ages near the top supports the idea that there is an extensional tectonic boundary between the two, bearing in mind that the two levels are separated by ,200 m of structural section (Fig. 3) . However, the change in Ar-Ar age occurs above the contact between the graphitic mica schist and the phyllitequartzite sequence, rather than along it. A possible explanation is that heat transfer across the tectonic boundary from the hotter graphitic mica schist may have been sufficient to bring the phyllite-quartzite sequence close to the boundary above the Ar closure temperature, accounting for the reset ages in this sequence. Given the fact that that the rocks now juxtaposed across the fault differed in temperature by 350 8C prior to faulting, a temperature rise of 100 8C 50 m above the boundary, sufficient to completely reset the micas, is quite likely.
Ar-Ar ages from the mylonite zone (Pt474) and the mylonitic schists (Pt286) in the Nevado-Filábride Complex below the Aguilón nappe yield weighted mean ages of 16.8 AE 1.0 and 13.0 AE 0.2 Ma, respectively. The difference in age between the two samples is small, and individual grain ages are somewhat scattered. These ages are likely to represent the results of cooling and deformation adjacent to the major detachment fault separating the Alpujárride and Nevado-Filábride Complexes, which Ar-Ar and FT data from elsewhere in the Betic Cordillera suggest was active in mid-to late Miocene time (Monié et al. 1991; Johnson & Harbury 1997) . The scatter in the ages may Table 3 . Electron probe analyses of micas from selected Alpujárride samples result from progressive deformation of older metamorphic micas under retrogressive conditions. Fission-track analyses yield a relatively simple picture from the Sierra Alhamilla (Table 2) . Zircon FT ages from all structural levels in the Aguilón nappe except the very top give ages in the range 16-19 Ma, which are identical within the uncertainties: the mean age is 17.5 Ma. This is likely to represent the time of cooling below the zircon FT annealing window subsequent to the early Miocene extensional event recorded by the Ar-Ar ages. Apatite FT ages of 7.5 AE 0.9 Ma and 10.5 AE 1.2 Ma from the upper and lower phyllite-quartzite sequences respectively (PB355 and PB364) have mean track length values consistent with rapid cooling to below 120 8C in late Miocene time. These ages predate the late Tortonian folding and uplift of the Sierra Alhamilla, and are therefore likely to represent cooling after the final brittle stages of extension. Apatite FT ages of 5.7 AE 2.2 and 6.1 AE 2.4 Ma from the underlying Nevado-Filábride schists (PB445 and PB446, located about 1 km north of the area of Fig.  2 ) just overlap with the Alpujárride ages at the 2ó level, but it seems more likely that these represent cooling after the late Tortonian folding event. Insufficient track lengths were measured to constrain cooling paths.
To summarize, the data from the Sierra Alhamilla suggest the following history. (1) An early contractional event at c. 48 Ma in the Alpujárride rocks produced second-generation north-vergent folds and axial-plane cleavage in the upper part of the Aguilón nappe. It is likely that this event was broadly related to the highpressure metamorphism in these rocks. (2) A profound extensional tectonic event at c. 22 Ma brought medium-grade graphitic mica schist from about 37 km depth (c. 1000 MPa pressure) into contact with low-grade phyllites at about 25 km depth (c. 700 MPa pressure) along a major extensional contact, then refolded and inverted the extensional contact in a zone of high strain at the base of the Alpujárride Complex, and created a strong retrogressive foliation in the schists and adjacent phyllites. The age of this event lies within the narrow range of cooling ages (22-18 Ma) defined by Ar-Ar analyses from medium-to high-grade Alpujárride rocks across the whole Betic Cordillera, and therefore reflects the important early Miocene exhumation and cooling event that affected the entire region. (3) Postextensional cooling brought the Aguilón nappe below the zircon and apatite FT annealing windows at about 17-18 Ma and 8-10 Ma, respectively. (4) The underlying Nevado-Filábride Complex cooled through the Ar closure temperature in the time range 13-17 Ma as a result of ductile motion on the Alpujárride/ Nevado-Filábride detachment. (5) The Nevado-Filábride Complex cooled through the apatite FT closure temperature at 6 Ma, probably as a result of late Tortonian folding, uplift, and erosion.
Western Sierra de los Filabres
The region around the village of Charches at the western extremity of the Sierra de los Filabres exposes the detachment between the Alpujárride rocks of the adjacent Sierra de Baza and the underlying Nevado-Filábride Complex (Fig. 1) . Low-grade Alpujárride rocks show a number of west-directed low-angle extensional faults that sole into the detachment, and the Nevado-Filábride rocks in the footwall show a strong mylonitic foliation, west-trending stretching lineation, and systematically developed west sense of shear (Vissers et al. 1995) . We sampled Alpujárride quartz phyllite (PB510) and Nevado-Filábride mica schist (PB500) for Ar-Ar, and adjacent quartzites in both units (PB507B and PB506B) were sampled for FT analyses. The results are shown in Tables 1 and 2 . The pattern of ages is comparable with that in the Sierra Alhamilla. A low-grade Alpujárride quartz phyllite sample (PB510) yields scattered ArAr ages in the range 85-45 Ma with a mean of 52.1 AE 6.6 Ma. The large age range reflects the spread of apparent ages caused by partly reset detrital ages, in a similar manner to that seen in PB348, and the youngest ages around 46 Ma provide a minimum constraint on the resetting age. These results are close to the more reproducible age of c. 48 Ma obtained from PB331. The associated FT sample (PB507B) yields an early Miocene apatite FT age, suggesting cooling during the exhumational event at that time (no track lengths were measured because of the low spontaneous track density). A sample from the Nevado-Filábride mica schist (PB500) yields an early Miocene Ar-Ar age of 19.6 AE 1.2 Ma, similar to those in other medium-to high-grade areas of the Betics, suggesting that cooling related to exhumation along the Alpujárride/Nevado-Filábride Complexes was already under way by this time. A zircon FT age from this unit (PB506B) of 13.9 AE 0.8 Ma suggests that cooling was relatively slow and continued into mid-Miocene time.
The Rio Grande fold, Sierra de Gador Structure Low-grade Alpujárride rocks along the Rio Grande, at the western end of the Sierra de Gador, were identified by Orozco et al. (1998) as forming a large-scale inclined antiform, closing to the north (Figs 5 and 6 ). The fold involves the typical Alpujárride sequence of graphitic mica schist, Permo-Triassic phyllite and quartzite, and Triassic carbonate rocks. Phyllites carry phengite þ paragonite þ chlorite AE albite, and locally relict carpholite, whereas the graphitic mica schist carries chloritoid and locally garnet. Measurements of the basal spacing of phengite, the illite 'crystallinity' index, and b 0 parameters of mica and chlorite suggest that the graphitic mica schist reached temperatures 50-100 8C higher than the phyllites (Orozco et al. 1998) . The grade change is small, and may not be abrupt, but it suggests an extensional fault or shear zone in the vicinity of the contact. This boundary is folded around the Rio Grande fold, as the lower-grade phyllite and quartzite unit appears on both limbs.
Quartzite on the overturned limb in the northern part of the area has a rough cleavage with well-preserved detrital micas, comparable with the low-grade rocks in the normal limb of the Aguilón nappe in Sierra Alhamilla. This fabric is subparallel to bedding. The phyllites exhibit a highly penetrative foliation defined by 20-50 ìm micas forming dense mats overprinted by a moderately differentiated crenulation cleavage, which locally becomes the dominant fabric visible in the field. The differentiation process requires diffusional mobility of silica, but the textural evidence suggests that the mica was neither crystallized nor recrystallized in this event. The crenulation cleavage is systematically more gently south-dipping than the bedding and the older foliation, giving a south-vergent structural relationship. This cleavage was identified by Orozco et al. (1998) as being axial-planar to the major fold. Very similar textural relationships are shown by phyllites on the upper limb of the Rio Grande fold, in the south of the area (Fig. 6) .
In the graphitic mica schist in the core of the fold the crenulation cleavage is very strong, and is the dominant fabric in the rocks. The textural evidence in thin section, however, suggests that there was little recrystallization of mica during formation of this cleavage, and that the bulk of the mica crystallized during the formation of the earlier, pre-fold, cleavage.
Geochronological data from the Sierra de Gador
The Ar-Ar data from the Sierra de Gador display a similar pattern to that seen in the Sierra Alhamilla, with the lower-grade phyllites yielding somewhat variable Palaeogene ages but samples from the slightly higher-grade graphitic mica schist yielding early Miocene ages (Fig. 4) . In the upper limb of the Rio Grande fold a phyllite sample (B371) exhibits partly reset detrital Ar-Ar ages ranging from 18 AE 2.6 Ma to 77.5 AE 1.7 Ma; and a similar sample (PB366) from the lower limb yields ages ranging from 20.0 AE 0.5 Ma to 104 AE 3.5 Ma, again reflecting partly reset detrital grains. Other low-grade samples (PB529 and PB531) from the lower limb (Fig. 5) , however, yield more reproducible mean ages of 41.2 AE 1.5 Ma and 41.2 AE 2.7 Ma, respectively.
In the core of the fold a graphitic mica schist (PB369) yields a reproducible early Miocene age of 22.7 AE 0.8 Ma, and a sample in the phyllites just below the contact on the overturned limb of the fold (PB533) yields a mean age of 26.0 AE 1.9 Ma with some degree of scatter in the individual grain ages. The Ar data therefore confirm the existence of an extensional boundary between the graphitic mica schist and the phyllite-quartzite unit, and demonstrate that the extensional event took place at the beginning of the Miocene, as in the Sierra Alhamilla. Because this boundary is refolded by the Rio Grande fold, the fold must itself be earliest Miocene or younger.
Apatite and zircon FT data from both the core and the overturned limb of the fold give early Miocene ages , suggesting relatively rapid cooling after the exhumation event, and these ages provide a younger limit for the crenulation cleavage, and hence for the Rio Grande fold.
The Sierra de las Estancias
Structure
The rocks in the Sierra de las Estancias are traditionally assigned to the Alpujárride and Maláguide Complexes (Figs 7 and 8) , the upper two of the three main tectonic complexes into which the Internal Zones are divided. The two complexes are separated by a steeply dipping zone of calc-mylonite and fault gouge, which was interpreted by Lonergan & Platt (1995) as an originally lowangle extensional detachment, now rotated into a zone of steep northerly dips trending parallel to the boundary.
The structure of the Alpujárride Complex in the Sierra de las Estancias has been described in detail by Platzman & Platt (2005) . The metaclastic rocks have a pervasive foliation, with the character of a rough cleavage in the Permo-Triassic quartzites, and a finely penetrative differentiated crenulation cleavage in the phyllites and the graphitic mica schist. An earlier differentiated deformational fabric is locally visible in micaceous rocks. The main foliation in the northern part of the range is associated with a metamorphic assemblage that includes muscovite, chlorite, and locally chloritoid, kyanite, or carpholite, characteristic of the early phase of high-pressure metamorphism in the Alpujárride Complex (Azañón & Goffé 1997) . This assemblage suggests PT conditions close to 450 8C at about 700 MPa. The foliation may therefore be related to the main contractional event.
The main foliation is variably overprinted by east-to NEdirected ductile shear bands and brittle faults, and an ENEtrending stretching lineation, which intensify northwards towards mylonites along the Alpujárride-Maláguide boundary. Structurally deeper within the Alpujárride there is an abrupt transition downwards from mid-greenschist-facies chloritoid-bearing phyllites to upper greenschist-to amphibolite-facies marbles and schists with garnet, staurolite, andalusite, and locally cordierite (Fig. 7) , which we interpret as another extensional tectonic boundary, the Estancias Detachment.
Geochronological results from the Sierra de las Estancias
We have sampled across the Sierra de las Estancias for Ar-Ar and FT dating. The data, together with the results of an earlier dating campaign reported by Johnson (1995) , are summarized in Figure 4 and in the Supplementary Publication; sample locations are shown on the map and section (Figs 7 and 8) . The Ar-Ar data show a clear distinction between the greenschist-facies phyllites of the higher Alpujárride unit in the northern Sierra de las Estancias, which give ages of 32.6 AE 1.8 Ma for sample PB107 and 29.5 AE 1.3 Ma for sample PB116; and the structurally lower, medium-grade unit, which gives ages of 19.2 AE 0.9 Ma and 19.6 AE 0.3 Ma for samples PB125 and PB143, respectively. One of the samples giving the younger age (PB125) comes from a few metres below the Estancias Detachment, and the other comes from much further south and structurally well below the Fig. 7 for location of the two lines from which the section is composed.) detachment. The close similarity of these cooling ages, and similar zircon ages from the same unit (21.5 AE 1.4 Ma for sample PB435), all suggest rapid cooling associated with exhumation along the Estancias Detachment at around 19 Ma.
Concordant apatite and zircon FT ages around 18 Ma in Alpujárride rocks of the northern Sierra de las Estancias (Johnson 1995 ; Table 2 ), compared with zircon ages that have not been reset in the overlying Maláguide complex, led Lonergan & Platt (1995) to suggest that the displacement on the Alpujár-ride-Maláguide boundary also took place in early Miocene time. The motion on the two detachments and the associated ductile deformation therefore appear to be an integral part of the late orogenic extensional event that affected the whole of the Alborán domain.
The c. 30 Ma ages in the phyllites of the upper Alpujárride unit in the Sierra de las Estancias, however, reflect an earlier event. The presence of chloritoid and kyanite in these rocks suggests peak metamorphic temperatures in the range 400-500 8C, exceeding the closure temperature of Ar neoblastic mica (grain size 50-100 ìm) within these schists and the ages may thus represent cooling ages not related to a discrete geological event.
Variation of Ar-Ar ages for micas between different areas of the Alpujárride Complex
Taken individually, the age data from the four areas we have studied in the Alpujárride Complex suggest a rather complicated picture, with events of uncertain significance distributed over a 30 Ma period. A clearer picture emerges when we consider the similar features found in each area. In each of the four areas, there is a strong relationship between the structural level and the mica ages (Fig. 4) . At the top of the sequence, in the lowestgrade rocks, Ar-Ar ages reflect a mixture of detrital ages, mineral growth ages and cooling ages related to prograde contractional events. FT zircon ages in the uppermost samples locally reflect detrital origin, and Miocene cooling ages where they have been reset.
If the larger detrital grains acted as single grains for diffusion, temperatures exceeding 370 8C for a period of 10 Ma would be required to thermally reset them, and even deformed detrital grains might retain strongly discordant ages (Dunlap 1997) . Detrital grains in sample PB331 from Sierra Alhamilla exhibit both low potassium and low radiogenic argon, allowing us to constrain the neoblastic mica age to c. 48 Ma. We have undertaken thermal modelling, which shows that a metamorphic event prograding from around 60 Ma and waning around 20 Ma would produce a range of ages in newly formed 10-100 ìm micas. Neoblastic micas from rocks reaching 300 8C would probably exhibit growth ages, those reaching as much as 350 8C would exhibit mixed ages, and rocks reaching 400 8C would tend to yield later cooling ages. Thus the range of reproducible mean ages (48-30 Ma) in lower-grade Alpujárride rocks probably reflects peak temperature variations of around 100 8C in different areas of the Alpujárride sequence. Markley et al. (2002) demonstrated a similar relationship recently in low-grade Alpine rocks.
A more tightly clustered series of early Miocene ages (19-22 Ma) in underlying higher-grade rocks reflect a rapid phase of extension and exhumation (Fig. 4) . Moreover, zircon FT ages in these rocks are often ,5 Ma younger than Ar-Ar ages, reflecting cooling after the extensional event. The simple pattern repeated in each area argues strongly for the early Miocene juxtaposition of upper and lower structural units, resulting in cooling of the lower units, and, in at least one case (Sierra Alhamilla), samples immediately above the discontinuity were sufficiently heated to reset Ar-Ar ages in fine-grained white micas.
The Miocene ages from the area we have studied compare well with the mean age of 20 Ma from white mica in Alboran basement samples at Ocean Drilling Program (ODP) Site 976 (Kelley & Platt 1999) , and an age range of 19-21 Ma elsewhere on the mainland (Zeck et al. 1992; Monié et al. 1994; Platt et al. 1998) . We conclude, therefore, that low-grade rocks in the Alpujárride Complex underwent deformation and metamorphism as long ago as 47.8 Ma, and that deformation and recrystallization may have continued, or the temperature of the rocks was maintained above around 300 8C, for a long period prior to rapid extensional exhumation at around 20 Ma.
Conclusions
Ar-Ar ages from white micas in some of the lowest-grade Alpujárride rocks yield partly reset detrital ages; where deformation and recrystallization are more intense, they yield ages close to 50 Ma, which we interpret as the timing of the main contractional event and associated high P/T metamorphism. Slightly higher-grade phyllites in the Sierra de Gador and Sierra de las Estancias give ages around 40 Ma and 30 Ma, respectively (relatively reproducible within each area), but these may represent the accumulated effect of gradual cooling over a 30 Ma period from variable initial temperatures. Zircon FT analysis yields old detrital signals in the lowest-grade rocks and Miocene cooling ages in higher-grade rocks, indicating that the latter remained above about 300 8C prior to the Miocene exhumation.
Ar-Ar data from higher-grade rocks below extensional detachments in all the studied areas, and fission-track data from all structural levels, document rapid cooling in early Miocene time, associated with extensional exhumation.
